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virus Vaccine 



The present invention relates to a virus vaccine, specifically a 
vaccine to Venezuelan, equine encephalomyelitis virus (VEE) , to 
5 its preparation and pharmaceutically acceptable formulations and 
methods of prophylactic and therapeutic methods of treatment 
using said vaccine. 

VEE virus is a mosquito-borne alphavirus which is an important 
10 cause of epidemic disease in humans and of epizootics in horses, 
donkeys and mules in certain parts of the world, in particular 
the South Americas. 

The existing VEE vaccine, TC-83, was initially produced by 
15 attenuation of the Trinidad donkey strain (TRD) of VEE by 

sequential passage in guinea pig heart cell cultures. However, 
this vaccine is generally regarded as being inadequate for human 
vaccination. This is mainly due to the high incidence of side 
effects in vaccinees and the large proportion of vaccinees who 
20 fail to develop neutralising antibodies (Monath et al . 1992, 
vaccine Research, 1, 55-6B) . 

A vaccinia-based vaccine against VEE has been constructed 
(Kinney et al. J. Gen. Virol. 1988, 69, 3005-3013). In this 
25 recombinant, 26S RNA encoding structural genes of VEE were 
inserted into the NYCBH strain of vaccinia. The recombinant 
virus protected against sub- cutaneous challenge but had limited 
efficacy against aerosol challenge with VEE . 

30 The virulent Trinidad donkey strain of VEE and the attenuated 

strain TC-83 have both been cloned and sequenced (R.M. Kinney et 
al. Virology (1989) 170, 19-30) and the amino acid and 
nucleotide numbering system used in this reference will be used 
Hereinafter. This work has revealed that there are a number of 

35 amino acid changes between TRD and TC-83. The majority (five) 

of these changes occur within the gene encoding the glycoprotein 
E2 . 
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The changes have been summarised as follows: 

Table 1 



change 
Position 

22, junction region 

1053, E a -7 

1285, E a -85 

1391,E 2 -120 

1607, E a -192 

1866, E 3 -278 

1919, Ea-296 

2947, Ei-161 

3099, E^-211 

3874, 3' -non- coding 

region 





Nucleotide 


Amino acid 




TOD 


TC-83 


TRD 


TC-83 


A 


G 


non- coding 


G 


U 


Lys 


Aan 


C 


u 


His 


Tyr 


C 


u 


Thr 


Arg 


u 


A 


Val 


Asp 


u 


c 


none 




c 


u 


Thr 


He 


u 


A 


Leu 


He 


A 


u 


none 




uu 


' u 


non- coding 



It has also been shown that the first 25 amino acids of the E2 
glycoprotein represents a protective epitope. This region 
includes a single amino acid change (lys _> asp) at amino acid 7 
in the TC-83 construct as compared to the TRD strain. A 25bp 

10 synthetic peptide based on the TRD sequence VE2pep01 (TRD) , 
protected more mice from TRD virus challenge than a 
corresponding TC-83 based peptide (A.R. Hunt et al., Virology, 
1990, 179, 701-711) . More precise mapping of this epitope has 
been' carried out (A.R Hunt et al., vaccine 1995, 13, 3, 281- 

15 288) . 

The applicants have found ways of increasing the protect iveness 
of a vaccine and in particular a vaccinia-based vaccine. 

20 in particular, the applicants have found that the protect iveness 
of the vaccine may be increased either (a) by restoring the 
lysine residue at amino acid 7 of the E2 protein and/or (b) by 
modifying the promoter to increase expression of the protective 
construct . 

Thus, in a first aspect, the present invention provides a 
vaccine for the therapeutic or prophylactic immunisation against 
Venezuelan Equine Encephalitis (VEE) virus, said vaccine 
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comprising a vector which includes a sequence which encodes an 
attenuated form of said virus which is capable of producing a 
protective immune response, wherein the said sequence is such 
that the amino acid at position 7 in the E2 protein of VEE is 
5 lysine. 

Suitably, the attenuated form of the VEE virus comprises a 
derivative or variant of the TC-83 construct or an immunogenic 
fragment thereof. 

10 Other attenuated forms may be produced by the skilled person, 
for example using known techniques such as serial passage 
through another organism, or by recombinant DNA technology, for 
instance by inactivating genes associated with the replication 
or virulence of the virus. The structural gene encoding the E2 

15 glycoprotein or a fragment encoding at least the N- terminal 19 

amino acids should be retained in order to retain immunogenicity 
of the construct. 

Suitable fragments of the construct are those which include only 
20 some of the structural genes of the VEE peptide or which encode 
only part of the proteins encoded by said genes, provided the 
construct encodes sufficient antigenic determinants to ensure 
that it is capable of producing a protective immune response in 
a mammal to whom the construct is administered. 

25 

As used herein, the term * variant" means that the construct 
is different to the original strain but that it encodes 
proteins and/or peptides which are the same or similar to 
those of wild- type VEE or immunogenic fragments thereof. 

3 0 Thus, the changes in the nucleotide sequence may be silent in 
that they do not produce amino acid changes as compared to the 
original strain, or they may produce amino acid changes 
provided these do not alter function of the construct in 
terms of its ability to produce a protective immune response 

35 against VEE. For example, the construct may encode peptides 
or proteins which are 60% homologous to the wild-type proteins 
or peptides, suitably more than 80% homologous and preferably 
more than 90% homologous to the native protein sequence, and 
provided they produce antibodies which are cross -reactive with 

40 wild- type VEE , the protective effects of the construct may be 
retained. 
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n Derivatives" may have broadly similar structures but they 
are derived by manipulating the original constructs using 
recombinant DNA technology or chemical modification if 
appropriate. 

5 

The vector may contain the usual expression control functions 
such as promoters, enhancers and signal sequences, as well as a 
selection marker in order to allow detection of successful 
transformants. The selection of these will depend upon the 
10 precise nature of the vector chosen and will be known to or 
readily determinable by a person skilled in the art. 

Suitably the vector is a viral vector, for example a vector 
derived from vaccinia, adenovirus, or herpes simplex virus (HSV) 
15 BCG or BCC. It is suitably attenuated itself, to minimise any 
harmful effects associated with the virus on the host. 

Preferably, the vector is derived from vaccinia virus, as it has 
many properties which make it a suitable vector for vaccination, 

2 0 including its ability to efficiently stimulate humoral as well 

as cell-mediated immune responses. Vaccinia has proven utility 
as a vaccine vehicle, following the Smallpox eradication 
programmes. It provides the potential for multi-valent 
vaccine construction and for oral administration. There are 
25 many attenuated strains currently available. 

A suitable selection marker for inclusion in a vaccinia vector 
is the gpt marker gene. 

3 0 A VEE vaccine was constructed using a WR strain of vaccinia in 

this work. Preferably, a more highly attenuated strain of 
vaccinia which would be more acceptable for use in humans is 
employed. Such strains include Lister, which was used for wide 
scale vaccination against smallpox, NYVAC (Tartaglia et al, 
35 (1992) , AIDS Research and Human Retroviruses 8,1445-1447) which 
contains specif ic genome deletions, or MVA (Mayr et al, (1975) 
Infection 3, 6-14) which is also highly attenuated. 

Vaccines based upon viral vectors are suitably formulated for 
40 parenteral administration as described above. However, it is 

possible to formulate such vaccines for oral administration, for 
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example by incorporating the vector into a gut -colonising 
microorganism such as Salmonella and particularly &. 
typhlmurl um . 

5 pTC-5A is a plasmid clone of cDNA encoding the structural genes of vee 
virus strain TC-83 (Kinney et al . *T. Gen, Virol . (1988) 69, 3005- 
30130) . The VEE cDNA is situated downstream of the vaccinia 7.SK 
promoter which drives expression of the VEE structural proteins when 
the plasmid is used to construct recombinant vaccinia viruses. 

10 Modified 7.5K vaccinia promoters have previously been prepared 

(Davison & Moss, J- Mol, Biol* 210, (1989) 749-769) • it has been 
found that certain substitution mutations increase the strength of the 
promoter. By using synthetic promoters which include substitution 
mutations, the amount of VEE proteins produced from the recombinant 

15 virus was increased, 

Thus in a further aspect of the invention, there is provided a 
vaccine for the therapeutic or prophylactic immunisation 
against Venezuelan Equine Encephalitis (VEE) virus, said vaccine 

20 comprising a vaccinia virus vector which encodes an attenuated 
form of the VEE virus or a variant or 'fragment thereof which is 
capable of producing a protective immune response against VEE 
virus, expression of the said attenuated VEE virus being under 
the control of a synthetic 7.5K vaccinia promoter which has been 

25 subject to mutation which increases the level of VEE virus 

protein production as compared to the wild- type 7.5K promoter. 

in particular, it has been found that substitution mutations 
within the 7.5Kd promoter can be effective. These may be 
30 illustrated by the following Table: 

wild- type 7.5K promoters 

TAAAAGTAGAAAATATATT CTAATTT ATTGCAC (SEQ ID No 1) 



35 



40 



Substitution Mutations (emboldened) 

TAAAAATTGAAAATACATTCTAATTTATTQCAC (SEQ ID No 2) 

TAAAAATTGAAAAT ATATT CTAATTTATTGCAC (SEQ ID No 3) 

Inclusion of a synthetic 7.5K vaccinia promoter in WR103 has 
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been found to increase expression of the downstream VEE cDNA, 
leading to a 3*. 59- fold increase in protein production. 

The vaccine may comprise the vector itself but it is suitably 
5 formulated as a pharmaceutical composition in combination with a 
pharmaceutical^ acceptable carrier or excipient. Such 
compositions form a further aspect of the invention. The 
compos itions may be in a form suitable for oral or parenteral 
application. 

10 

Suitable carriers " are well known in the art and include solid 
and liquid diluents, for example, water, saline or aqueous 
ethanol- The liquid carrier is suitably sterile and pyrogen 
free . 

15 

The compositions may be in the form of liquids suitable for 
infusion or injection, or syrups, suspensions or solutions, as 
well as solid forms such as capsules, tablets, or 
reconstitutable powders. 

20 

Constructs for use in the vaccines of the invention may be 
prepared by various means as will be understood in the art, 
ranging from modification of available constructs such as the 
wild-type virus using recombinant DNA technology or by synthetic 
25 means. Recombinant DNA techniques include site directed 
mutagenesis, optionally involving PCR amplification as 
illustrated hereinafter. 

As illustrated hereinafter, recombinant vaccinia virus was 
30 constructed which expressed the structural genes of VEE as 
produced by a modified form of TC-83. . The ability of the 
recombinant virus to elicit protective immune responses against 
virulent VEE disease was investigated. 

35 In yet another embodiment, the vaccine further comprises a 

cytokine or an active fragment or variant thereof. The cytokine 
may itself be incorporated into the vaccine formulation, or more 
suitably, the vector may include a coding sequence which means 
that the cytokine is co-expressed by the vector. Examples of 

40 suitable cytokines include interleukin 2 (IL.-2) and interleukin 
6 (IL-6) . 
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A particularly suitable cytokine is interleukin 2 (IL-2) , which 
may be expressed from for example a vaccinia virus recombinant , 
IL-2 is known to be responsible for the clonal expansion of 
antigen-activated T cells (Smith, (1984) Reviews in Immunology 
2, 319-333) . 

Alternatively, .antibody levels can be enhanced using other 
cytokines. For example, expression of iL-6 by vaccinia vectors 
has been shown to induce a high level of igd (Ruby et al, 1S92 
vaccine Research 1, (4), 347-356), and IL-5 and IL-6 induced 
mucosal igA responses to co-expressed influenza HA (Ramsay et 
ai, (1994) Reproduction, Fertility and Development 6/ 389-392) . 

The vaccine of the present invention may be used to treat humans 
or animals. In particular it may be given to horses, as a 
veterinary vaccine, to prevent infection, or as a prophylactic 
or therapeutic vaccine for humans. 

The vaccine of the invention may be incorporated into a 
multivalent vaccine in order to increase the benefit-to-risk 
ratio of vaccination. 

The dosage of the vaccines of the invention will depend upon the 
nature of the mammal being immunised as well as the precise 
nature and form of the vaccine. This will be determined by the 
clinician responsible. However in general, when using a virus 
vector such as a vaccinia virus vectors, dosages of the vector 
may be in the range of from 10 4 -I0 xa pfu (pfu = particle forming 
units) . 

The vaccines of the invention will produce an immune response in 
test animals including the production of antibodies. These 
antibodies may be useful in passive vaccination programmes or in 
diagnosis of VEE virus disease. For diagnostic purposes, the 
antibodies may form part of a kit as is conventional in the art, 

The invention will now be illustrated by way of Example with 
reference to the accompanying drawings in which 

Figure 1 shows the construction of chimeric plasmids used for 
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generation of recombinant vaccinia viruses,- 

Figure 2 shows the results of a immunof luoresence assay using 
polyclonal antiserum to TC-80; 

5 

Figure 3 is a graph showing the results of an experiment to 
quantify by ELISA the amount of VEE protein expressed by 
strains ; and 

10 Figure 4 is a graph showing the results of an experiment to find 
the level of ant i -VEE IgG in animals vaccinated with various 
strains of the invention. 

In the Examples, relative protein levels were calculated from 
15 . ELISA data using regression analysis performed by Minitab 
statistical analysis software (Minitab Inc., State College, 
PA, USA) . Serum antibody levels were compared by the two 
sample t test. Contingency tables were analysed by Fisher's 
exact test. P values of <0.05 were taken to be significant, 

20 

Ebcaxople 1 

Alteration q£ the E2 protein sequence 

pTC-5A, a plasmid clone of cDNA encoding the structural genes 
of Venezuelan Equine Encephalitis virus, strain TC-83 was 

25 obtained from Dr. R, Kinney (Kinney et al, 1988, Journal of 
General virology 69, 3005-3103) . An Eco RI fragment 
containing the VEE cDNA was removed from pTC-5A and inserted 
into pm3 (Carroll, 1993, Pti.D. thesis, Faculty of Medicine, 
University of Manchester,- Fig la) which is a shuttle vector 

30 used for insertion of genes into the thymidine kinase locus of 
vaccinia with dominant selection of recombinant viruses based 
on resistance to mycophenolic acid (Falkner & Moss, 1988, 
Journal of Virology 62, 1849-1854} . The resulting plasmid, 
pABlOO, was mixed with Lipofectin ™ (Life Technologies) and 

35 used to transfect CV-1 cells infected with vaccinia virus, 

strain WR. Recombinant viruses were designated WR100 and were 
subjected to three rounds of plaque -purification before 
preparation of stocks as described earlier (Mackett et al, 
1985 DNA cloning (Volume II) : a practical approach) . 

40 

The sequence of Vee B2, strain TC-83, situated in pTC-5A, was 
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altered by one nucleotide substitution from T to G as position 
1053 as compared to wild-type VEE TRD (Johnson et al. J. Gen. 
Virol, 1986, 67, 1951-1960) . This resulted in an amino acid 
change from aaparagine to lysine in the E2 protein when 
5 expressed from the vaccinia virus. 

in order to perform this particular amino acid change, the 
following manipulations were carried out. 

10 A cleavage site for restriction enzyme Nsl I occurs close to the 
site of the required nucleotide substitution. A second Nsi I 
site is situated about 500bp upstream, oligonucleotide primers 
were used to amplify the DNA sequence between the Nsi I sites 
using the Polymerase Chain Reaction (PGR) . The downstream 

15 primer contained a nucleotide mismatch corresponding to the TRD 
sequence at this point. 

The primer sequences are listed below. The Nsl I cleavage sites 
and the position of the substituted nucleotide are underlined. 

20 • 

FXtimr 1 designated * TTsi l ff 

5' QCC GAT QCA T GT QQA AGO C 3' 

25 FffAmer 2 designated » Nsl 2f- 

5/ ATC Tf3 & TQH AT C TGG CCA TOT AAG QGG QCG TTA GCT TAT 
ACT Q£T TAA ACA GC 3' 

30 The PGR product was digested with Nsi I and used to replace the 
corresponding Nsi I fragment in pTC-5A, generating plasmid 
pABlOl. The nucleotide sequence of the relevant region in 
pABlOl was obtained to verify the sequence alteration. 

3 5 pABlOl was then digested with Eco Rl to remove the VEE 26S RNA 
coding sequence which was transferred to the vaccinia shuttle 
vector plasmid plll3 . P1113 contains the selectable marker gpt 
which allows selection of recombinant vaccinia viruses. The 
plasmid constructed by the addition of the VEE sequence to plll3 

40 was designated pAB102. 
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Example 2 

gufaafclfcutH nr, a* 7 - gg rvr^r^r fnr a nvnfchffitie promoter in PAB1Q2 
A synthetic 7.5K vaccinia promoter was designed, based upon work 
by Davison and Moss (supra.) . Complementary oligonucleotides 
were designed with 5 'Bam HI and 2'Eco RI ends. The 
oligonucleotides were annealed and ligated into the plasmid 
pT7Blue (available from AMS Biotechnology (UK) Ltd) . The plasmid 
clone was digested with Sam HI and Eco RI and the DNA fragment 
containing the synthetic promoter was isolated and cloned into 
the plasmid pAB102 which had been cut .with the same enzymes. 
This resulted in the generation of plasmid pABl03 (Figure 1). 
which contains the synthetic promoter upstream of the VEE 26S 
RNA coding sequence. Vaccinia WR strain was transformed with 
PAB103 to produce the recombinant vaccinia virus WR103 . 

The sequence of the oligonucleotides used is given below. 
Substitutions in the 7.5K promoter sequence are given in bold 
type. Insertions are underlined, oligonucleotide * tails" 
containing restriction enzyme cleavage sites are italicised. 

Qli ?Q l d»«J mated » 7.5KF2" 

5' ACG CGG ATC CAA AAA TTG AAA AAC TAG CTT AAA AAT TGA 
AAA ACT ATT CTA ATT TAT TGC ACG AAT TCC G 2' 

This is the reverse complement of 7.5KF2. 

The amount of VEE proteins produced by the recombinant virus 
WR103 was measured using enzyme linked immunoabsorbant assay 
(ELISA) . 

Example 3 

Analysed of pyofcaln eamreaaipn 

VEE viral proteins were visualised by indirect 
immunofluorescence of infected CV-1 cells, CV-1 monolayers 
<25cm*) were infected with virus at a multiplicity of 2 p.f .u. 
per cell. At 24 hours post infection, cells were scraped into 
the growth media and washed once with phophate-buf f ered saline 
(PBS) containing 0.1% bovine serum albumin. Cells were 
spotted onto slides , air-dried and fixed in acetone. Binding 
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of mouse polyclonal antiserum raised against VEE strain TC-80 
(provided by Dr. A.D,T\ Barrett, University of Texas) was 
detected with fluorescein isothiocyanate-conjugated goat anti- 
mouse igG (Amersham International pic) . 

5 

Examination of cells infected with WR100 or WR103 showed that 
WR1 03 -infected cells fluoresced more brightly than the WR100- 
infected cells (Figure 2) • 

10 Quantification of VEE viral protein expression was carried out 
using an enzyme- linked immunosorbent assay (EL IS A) . cv-l 
monolayers (150 cm 3 ) were infected with virus at a multiplicity 
of 10 p.f.u. per cell and harvested at 24 hours post infection 
by scraping into the growth media. Cells were washed once in 

15 PBS and resuspended in T9 buffer (10 mM Tris.HCl; 1 mM EDTA; 
pH 9,0) - Samples were frozen, thawed and sonicated for 1 
minute in a sonicating bath. Cells debris was pelleted for 5 
minutes at 1800 g and the supernatant was centrifuged for 3 0 
minutes at 10,000 x g. The supernatant was removed and stored 

20 at -70°C. The cell lysate preparation was diluted 1/3 o in 

bicarbonate buffer (Sigma) , 100 1 volumes were added to wells 
of a microtitre plate and the antigen was allowed to bind at 
37 "C for 1 hour. Lysates were replaced with 200 1/well of 
saline containing 10% formaldehyde. Plates were incubated at 

2 5 room temperature for 20 minutes, then washed 6 times with PBS 
containing 0.1% Tween (PBST) . Mouse polyclonal anti-TC80 was 
serially diluted in blocking solution (0,5% dried mi lk/ PBST ) , 
added to wells, and the plates were incubated for 1 hour at 
37 °C, Plates were washed 3 times in PBST before addition of 

30 horseradish peroxidase-conjugated mouse specific antibody 
(diluted 1:1000 in blocking solution ) and incubated for 1 
hour at 37°C. Plates were washed 3 times before addition of 
ABTS in citrate buffer and incubation at room temperature for 
1 hour. Colour development was measured at.A^. 

35 

This quantification process revealed that WR103- infected cells 
contained 3.59-fold more VEE protein than WR100- infected cells 
(Figure 3) . 

40 Quantification of vaccinia protein in these samples had 

demonstrated equivalent amounts in each (data not shown) , so 
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it must -be assumed that the difference in VEE protein content 
is due to different expression levels of the encoded VEE cDNA. 



5 &C32nple 4 

PmM> ff f.lvft offAfit Qf Vftflediia recombinants 

Groups (10) of female 6-8 week old Balb/c mice were inoculated 
with PBS or with 10 s p.f .u. of vaccinia viruses by intra- 
muscular injection, or with 10 s p.f .u. of TC-83 by sub- 
10 cutaneous injection. Serum was taken for measurement of 
immunoglobulins to VEE proteins. 

The vaccinated mice were challenged with two- different doses of 
virulent VEE strain TRD at 35 days after immunisation. The 
15 survival rates after 14 days are presented in Table 2. 



Table 2 



Strain 


1 .iOptu TRD 


100 ptu T«D 


WR 


O/10 


0/10 


■ WRiOo 


I/10 


2/10 




" 6/10 


5/10 


no treatment 


u/iu 


0/10 



20 WR100: Vaccinia/VEE recombinant 

WR103: Vaccinia/VEE recombinant produced in Example 2 above. 

These results show that genetic manipulation of the recombinant 
virus has improved the protection afforded by the construct. A 

25 significant improvement in protection of mice following sub- 
cutaneous challenge with TrD was seen ^ when WR103 was used for 
vaccination, compared with WR100 (F<0.05, Table 2) . WR100 
protected up to 20% of mice whereas WR103 protected 60% of 
mice. There was not a significant difference between numbers 

30 of mice protected when challenge doses of lO.p.f.u. or 100 
p.f ,u. of TrD were used. The challenge dose had previously 
been titrated to show that 1 p.f .u- of TrD approximates to 2-3 
LDcn doses (data not shown) . 
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Example 5 
TrnnniTiflftflflfrYfl 

VEE virus -specific immunoglobulin in serum was measured by 
enzyme-linked immunoassay as follows. Wells of a microtitre 
5 plate were coated with purified TC-83 at 37 °C for 1 hour* 

Serum was diluted serially in blocking solution and allowed to 
bind to antigen- coated wells overnight at 4°C. Plates were 
washed 3 times and incubated with horseradish peroxidase- 
conjugated anti-mouse immunoglobulin at 37 °C for 1 hour. 
10 Plates were washed and incubated with TMB substrate for 20 
minutes before measurement of colour development at a^q. 



All vaccinia- inoculated mice responded to the vaccination by 
the detection of immunoglobulin to vaccinia virus in serum 
15 (data not shown) . Immunoassay to measure TC-83 antibody 

failed to detect anti-VEE igG in wrioo samples* WR103 samples 
contained a detectable level of anti-VEE antibody although 
this was substantially lower than the amount found in serum 
from mice vaccinated with TC-83 (Figure 4) . 

20 

Neutralising antibody was measured by a plaque reduction test. 

Serum (10^1) was incubated with TC-83 (50^) and maintenance 

medium (140 ^1) for l hour at room temperature. Maintenance 

medium (800^1) was added and the suspension was used to infelct 
25 confluent monolayers of BHK-21 cells grown in 6-well plates. 
Plates were incubated at 37 tt C for 3 days. A 50% reduction in 
the number of plaques per well, compared to control wells, was 
indicative of the presence of neutralising antibody. 

30 Neutralising antibody to TC-83 was found in serum from mice 
vaccinated with TC-83 but was not detected in serum from mice 
vaccinated with WR100 or WR103 (data not shown) . Although 
neutralising antibody is usually found in mice which are 
protected against VEE challenge, protection has previously 

35 been reported in the absence of detectable neutralising 

antibody (Kinney et al, 1988a, Journal of Virology 62, 4697- 
4702) . 
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14 
Claims 

1. A vaccine for the therapeutic or prophylactic immunisation 
against Venezuelan Equine Encephalitis (VEE) virus, said vaccine 
comprising a vector which includes a sequence which encodes an 
attenuated form of. said Virus , which is capable of producing a 
protective immune response, wherein the said sequence is such 
that the amino acid at position 7 in the B2 protein of VEE is 
lysine. 

2 . A vaccine according to claim 1 wherein the attenuated form 
of said virus comprises a derivative of the TC-83 construct. 

3 . A vaccine according to claim 2 wherein the vector 
15 comprises a virus vector. 

4. A vaccine according to claim 3 wherein the virus is 
selected from an attenuated virus 

20 5- A vaccine according to claim 3 or claim 4 wherein the 

virus is selected from vaccinia, adenovirus, HSV, BCG or BCC. 

6. A vaccine according to claim 5 which comprises an 
attenuated vaccinia virus. 

25 

7. A vaccine according to claim 6 wherein expression of the 
said attenuated VEE virus is under the control of a synthetic 
7,5K vaccinia promoter which has been subject to mutation which 
increases the level of VEE virus protein production as compared 

30 to the wild- type 7.5K promoter. 

8 . A vaccine according to claim 7 - wherein the said 7 . 5K 
promoter comprises a sequence selected, from 

TAAAAATTC3AAAATACATTCTAATTTATTGCAC {SEQ ID Mo 2) 

35 or 

TAAAAATTG2V2UVATATATTCTAATTTATTGCAC (SEQ ID NO 3) , 

9. A vaccine according to any one of the preceding claims which 
comprises a vector which includes a nucleotide sequence which 

40 encodes a further immunogenic peptide, and is able to express 
said sequence when administered to a mammal. 
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10. A vaccine according to any one of the preceding claims 
which further comprises a cytokine or an active fragement or 
variant thereof, or a vector which comprises a nucleotide 
sequence which encodes a cytokine or an active fragment or 

5 variant thereof. 

11. A vaccine according to claim 10 Which comprises a vector 
which comprises a nucleotide sequence which encodes a cytokine 
or an active fragment or variant thereof . 

10 

12. A vaccine according to claim 10 or claim 11 wherein the 
cytokine is an interleukin. 

13. A vaccine according to claim 10 wherein the interleukin is 
15. selected from human IL-2 or human IL-6. 

14. A vaccine for the therapeutic or prophylactic immunisation 
■ against Venezuelan Equine Encephalitis (VEE) virus, said vaccine 

comprising a vaccinia virus vector which encodes an attenuated 
20 form of the VEE virus or a variant or fragment thereof which is 
capable of producing a protective immune response against vee 
virus, expression of the said attenuated VEE virus being, under 
the control of a synthetic 7.5K vaccinia promoter which has been 
subject to mutation which increases the level of VEE virus 
25 protein production as compared to the wild- type 7.5K promoter 

15. A pharmaceutical composition comprising a vaccine as 
defined in any one of the preceding claims and a 
pharmaceutic ally acceptable carrier or excipient. 

30 

16. A method for producing a protective immune response 
against VEE virus in a mammal, which method comprises 
administering to said mammal, a vaccine according to any one of 
claims 1 to 14. 

35 

17. A method according to claim 16 wherein the mammal is 
either a human or a horse. 

18 • A multivalent vaccine comprising a vaccine according to 
40 any one of claims 1 to 14 and a further vaccine. 
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Abstract 

A prophylactic or therapeutic vaccine for use in protecting 
mammals such as humans or animals against Venezuelan Equine 
Bncephalitis virus (VBB) is described, in particular, the 
vaccine comprises a recombinant virus such as a recombinant 
vaccinia virus which is able to express the structural genes of 
VBB in attenuated form, which has been modified to increase the 
protective effect of the vaccine. This is achieved by modifying 
the sequence of the attenuated VBE strain and/or putting this 
under the control of modified promoter which increases 
expression from the vector. 
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Formulations of the vaccine as well as methods of treatment 
using the vaccine are also described. 
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The Full-Length Nucleotide Sequences of the Virulent Trinidad Donkey Strain of Venezuelan 
Equine Encephalitis Virus and Its Attenuated Vaccine Derivative, Strain TC-83 
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KIYOTAKA R. TSUCHIYA, and DENNIS W. TRENT 1 
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Nucleotide sequence analysis of cDNA clones covering the entire genomes of Trinidad donkey (TRD) Venezuelan 
equine encephalitis (VEE) virus and its vaccine derivative, TC-83, has revealed 1 1 differences between the genomes of 
TC-83 virus and its parent. One nucleotide substitution and a single nucleotide deletion occurred in the 5'- and 3'- 
noncoding regions of the TC-83 genome, respectively. The deduced amino acid sequences of the nonstructural poly- 
peptides of the two viruses differed only in a conservative Ser (TRD) to Thr (TC-83) substitution in nonstructural protein 
(nsP) three at amino acid position 260. The two silent mutations (one each in E1 and E2), one amino acid substitution 
in the El glycoprotein, and five substitutions in the E2 envelope glycoprotein of TC-83 virus were reported previously 
(B. J. B. Johnson, R. M. Kinney, C. L. Kost, and D. W. Trent, 1986, J. Gen. Virol. 67, 1951-1960). The genome of TRD 
virus was 1 1,444- nucleotides long with a 5'-noncoding region of 44 nucleotides. The carboxyl terminal portion of VEE 
nsP3 contained two peptide segments (7 and 34 amino acids long) that were repeated with high fidelity. The open 
reading frame of the nonstructural polyprotein was interrupted by an in-frame opal termination codon between nsP3 
and nsP4, as has been reported for Sindbis, Ross River, and Middefburg viruses. The deduced amino acid sequences 
of the VEE TRD nsPl , nsP2, nsP3, and nsP4 polypeptides showed 60-66°/o, 57-58%, 35-44%, and 73-71% identity 
with the aligned sequences of the cognate polypeptides of Sindbis and Semliki Forest viruses, respectively. The lack 
of homology in the nsP3 of the viruses is due to sequence variation in the carboxyl terminal half of this polypeptide. 

a 1989 Academic Press. Inc. 
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INTRODUCTION 

The Aiphavirus genus of the Togaviridae family of vi- 
ruses contains six antigenic complexes: Midcleiburg, 
Ndumu, Semiiki Forest (SF), and eastern (EEE), west- 
ern (WEE), and Venezuelan (VEE) equine encephalitis 
viruses (Calisher et ai., 1 980). These viruses contain a 
positive sense, single-stranded 42S-49S RNA ge- 
nome, which is capped at the 5 '-terminus and polyade- 
nylated at the 3'-terminus, enclosed within an icosahe- 
dral nucleocapsid surrounded by a lipid bilayer contain- 
ing two integral glycoproteins, E1 and E2 (Kaariainen 
and Soderiund, 1978). A third small glycoprotein (E3) 
is incorporated into the envelope of mature SF virions. 
Aiphavirus structural proteins are translated as a poly- 
protein precursor in the order NH 2 -capsid-E3-E2-6K- 
El-COOH from a subgenomic 26S mRNA identical to 
the 3'-terminal one-third of the 42S genomic mRNA 
(Strauss and Strauss, 1 986). The polyprotein precursor 
undergoes proteolytic cleavage to produce individual 
structural proteins. The 5 '-two-thirds of the 42S RNA 
genome encodes a polyprotein precursor that is pro- 
Sequence Data from this article have been deposited with .the 
EMBL/GenBank Data Libraries under Accession No. J04332. 
1 To whom requests for repnnts should be addressed. 



cessed to produce nonstructural polypeptides nsPl, 
nsP2, nsP3, and nsP4 which are involved in virus repli- 
cation (Strauss and Strauss, 1986). The 26S mRNA 
equivalents of EEE (Chang and Trent, 1987) and WEE 
(Hahn et ai, 1 988) have been sequenced, and the en- 
tire nucleotide sequences of the RNA genomes of 
Sindbis (SIN) (Strauss er ai, 1984; Rice and Strauss, 
1981), SF(Takkinen, 1 986; Garoff et ai, 1980a,b),and 
Ross River (RR) (Faragher ef ai, 1988; Strauss et a/., 
1 988; Dalgarno er a/., 1 983) have been determined. 

VEE, EEE, and WEE viruses are mosquito-borne vet- 
erinary pathogens that produce encephalitis in equines 
and humans during sporadic disease outbreaks in the 
western hemisphere (Monath and Trent, 1981). Nu- 
merous VEE epidemics with fatality rates of 38-83% in 
equines have been recorded in South America (Groot, 
1 972). The disease is generally milder in humans. How- 
ever, human fatality rates as high as 1% have been at- 
tributed to VEE virus infection in some epidemics 
(Groot, 1972). 

Initial VEE vaccines consisted of formaldehyde-inac- 
tivated preparations of virulent virus which were not in- 
fectious for laboratory animals, although about 4% of 
human vaccinees developed VEE illness (Berge et ai, 
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' 1961). A live attenuated VEE vaccine was developed 
by serial passage of the virulent Trinidad donkey (TRD) 
virus in tissue culture (Berge er a/., 1961). The TRD vi- 
rus, which is uniformly fatal for mice by peripheral or 
intracranial inoculation, became avirulent for mice by 
either route after 45 serial passages in guinea pig heart 
cells. Further passage resulted in the TC-83 vaccine 
strain of VEE virus (Berge er a/., 1 961 ; McKinney, 1972; 
Johnson and Martin, 1974). TC-83 virus elicits VEE- 
specific neutralizing antibodies in most humans (John- 
son and Martin, 1974; Burke era/., 1 977; Fillis and Cali- 
sher, 1979) and equines (Johnson and Martin, 1974; 
Ferguson er ai, 1978) and was administered to more 
than two million horses in the southeastern United 
States after epidemic VEE virus was introduced into 
Texas in 1971 (Sharman, 1972; Lord, 1974). 

Equine-virulent VEE strains infect the hematopoietic 
and lymphatic systems of the infected vertebrate host 
and, depending on the host species, variably affect the 
central nervous system (Johnson and Martin, 1974). 
The virus replicates in many tissues of the mouse and 
causes a fatal, paralytic encephalitis in animals in- 
fected by peripheral or intracranial routes (Gleiser era/., 
1962; Johnson and Martin, 1974). The occurrence of 
high viremia correlates well with encephalitis and 
death in horses experimentally infected with epidemic 
VEE virus (Walton er a/., 1 973). Mice infected peripher- 
ally with TC-83 virus develop lower virus titers in the 
blood and brain (LeBIanc era/., 1978). Histopathologi- 
cal lesions that occur in the spleen, lymph nodes, and 
brain of mice infected with virulent VEE virus are usu- 
ally absent in TC-83 virus-infected mice (LeBIanc era/., 
1978). Hamsters infected subcutaneously with TC-83 
virus develop a high viremia, with virus replication in the 
spleen, iymph nodes, bone marrow, and brain (Jahrling 
and Scherer, 1973a; Austin and Scherer, 1971). How- 
ever, hamsters do not develop hematopoietic and neu- 
ronal histopathology typical of virulent virus infection. 
Avirulent VEE virus is cleared faster than virulent virus 
from the blood of hamsters and monkeys and is readily 
phagocytized by endothelial and Kupffer cells in the 
liver of hamsters (Jahrling'and Scherer, 1 973b; Jahrling 
and Gorelkin, 1975; Jahrling era/., 1977). Clearance 
rate and virulence of VEE virus may be influenced by 
glycoprotein domains involved in virus attachment 
(Marker and Jahrling, 1 979; Jahrling and Eddy, 1977). 

The virulent VEE virus phenotype appears to be re- 
lated to the level of virus replication and resulting histo- 
pathology in various tissues. Destruction of cells in the 
hematopoietic and lymphatic systems may compro- 
mise the immune responses of animals infected with 
virulent VEE virus (LeBIanc era/., 1 978). Virulent strains 
of another alphavirus, SF virus, replicate in the spleen, 



liver, lymph nodes, and brains of infected mice, 
whereas avirulent SF strains lose the ability to damage 
neurons or to enter the brain (Atkins er a/., 1 985). Aviru- 
lent strains of SF virus do not produce cytopathic 
effects in cultured mouse neuroblastoma cells (Atkins 
er a/., 1 985), and the avirulent A7 SF virus mutant syn- 
thesizes less viral RNA in neuroblastoma cells than do 
virulent strains (Atkins, 1983). Mecham and Trent 
(1 983) reported that, compared to TRD virus, TC-83 vi- 
rus produced less virus-specific RNA and a higher ratio 
of 42S to 26S RNA during the first 4-8 hr postinfection 
in Vero cells. More infectious TRD virus than TC-83 vi- 
rus was produced during the first 1 2 hr postinfection 
although maximum virus yields were similar (Mecham 
and Trent, 1 983). 

We previously reported a comparative sequence 
analysis of the 26S mRNA regions of the genomes of 
VEE TRD virus and its vaccine derivative, strain TC-83 
(Johnson era/., 1986). We now report the complete nu- 
cleotide sequences of the full-length genomic RNAs of 
both TRD and TC-83 viruses and summarize the nucle- 
otide and deduced amino acid differences that in whole 
or in part are responsible for virulence and attenuation 
of VEE virus. 

MATERIALS AND METHODS 

cDNA synthesis and cloning 

Plaque-purified VEE TRD and TC-83 viruses were 
used (France er a/., 1979). Genomic RNA was ex- 
tracted from gradient purified virus and used as the 
template for synthesis of double-stranded complemen- 
tary DNA (cDNA) using synthetic oligonucleotide prim- 
ers as previously described (Kinney era/., 1986). Viral 
cDNA was poly(dC)-tailed and cloned into poly(dG)- 
tailed pUCi 8 plasmid. 

Nucleotide sequencing 

Cloned cDMAwas excised from recombinant pUCi 8 
plasmids with appropriate restriction endonucleases 
and subcloned into the filamentous bacteriophage 
M13mp18 or M13mp19. Partial exonucleolytic diges- 
tion of recombinant M13 DNA with bacteriophage T4 
DNA polymerase (Dale er ai, 1 985) resulted in nested 
cDNA deletions that permitted rapid sequencing of 
large cDNA clones without extensive restriction map- 
ping (Chang and Trent, 1987). Sequencing was per- 
formed using the dideoxy chain termination method of 
Sanger er ai (1977, 1980). Dideoxy sequencing of 
heat-denatured, double-stranded recombinant plas- 
mid DNA was performed as described by Chen and 
Seeburg (1985). Selected regions of VEE TRD and TC- 
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Fig. 1. Strategy for obtaining the complete nucleotide sequences of VEE TRD and TC-83 viruses. cDNA clones that were sequenced are 
indicated by open rectangles lacking the X symbol. Arrows indicate the extent of primer extension RNA sequencing. The organization of the 
genome is shown at the top, and genome position in kiiobases is shown at the bottom. 



83 genomic RNAs were sequenced by the dideoxy- 
nucleotide chain termination method (Johnson er aL, 
1 986). Incorporation of 7-deaza-2'-deoxyguanosine-5'- 
triphosphate (7-deaza-dGTP) in the dideoxynucleotide 
mixes enhanced sequence resolution in some areas 
(Barref aL, 1986). Chemical sequencing, using 5'-end- 
labeled oligonucleotide primers (Maniatis et aL, 1982) 
was performed as described by Maxam and Gilbert 
(1977). 

Computer analysis 

For computer analysis. of sequence information, we 
used a program (Kinney era/., 1 986) modified to run on 
IBM personal computers and the commercially avail- 
able DNASIS 2 and PROSIS 2 software packages (Hi- 
tachi America, Ltd., San Bruno, CA). 

RESULTS 

Nucleotide sequences of VEE TRD and TC-83 
viruses 

The full-length nucleotide sequences of VEE TRD 
and TC-83 genomic RNA molecules were determined 
by sequencing both strands of five and six cDNA 
clones, respectively (Fig. 1). Regions that were not se- 
quenced are indicated by rectangles containing the 
symbol X in Fig. 1 . The nucleotide sequences of cDNA 
clones pTRD-1 and pTC-5 have been reported (Kinney 

2 Use of trade names is for identification only and does not imply 
endorsement by the Public Health Service or by the U.S. Department 
of Health and Human Services. 



era/., 1 986; Johnson era/., 1 986). Clones pTRD-7 1 and 
pTC-46 containing 5'-end genomic sequences were 
obtained by priming first strand cDNA synthesis from 
genomic RNA templates with the oligonucleotide 
primer 5'-GTTCAGCGAGAGGGTGGTGCAAG-3', the 
sequence of which was provided by data from clone 
pTRD-30. The sequence of a 150-bp region (between 
clones pTC-9 and pTC-19) that was absent from our 
genomic cDNA library of TC-83 virus was obtained by 
primer extension sequencing of TC-83 RNA. 

The entire nucleotide and deduced amino acid se- 
quences of the VEE TRD genomic RNA are shown in 
Fig. 2. Excluding the 5'-m 7 G cap, the TRD RNA ge- 
nome was 1 i .444 nucleotides long with a base com- 
position of 28.2% A, 24.5% C. 25.3% G. and 22.0% U. 

5'-noncoding region of VEE 42S RNAs 

In addition to cDNA clones pTRD-71 and pTC-46, 
three synthetic oligonucleotide primers (5'-TCAACGT- 
GAACTTTCTC-3 ', 5'-GGCTGTCTTCCTCGATG-3', and 
5'-GTCATTATCAGTGACCTGCTTG-3') were used to 
obtain the 5 '-terminal nucleotide sequences from RNA 
templates. These primers were complementary in se- 
quence to the VEE 42S mRNA between nucleotide po- 
sitions 48-1 52. Primer extension sequencing of the 5'- 
termini of TRD and TC-83 42S RNAs failed to resolve 
the 5'-terminal A nucleotide (Ou er aL, 1983) but did 
confirm the following 5'-terminal 19 nucleotides pre- 
viously reported (Ou et aL, 1983). TC-83 differed from 
TRD virus in this region in the substitution of A for G at 
genome nucleotide position 3 (+ in Fig. 2). Excluding 
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the m 7 G cap, the 5'-noncoding region of the genomes 
of both viruses was 44 nucleotides in length. 

3'-noncoding region 

Clones pTRD-1 and pTC-5 lacked the terminal 65 or 
66 nucleotides (excluding the poly(A) tail) of the 3 '-non- 
coding regions of VEE TRD or TC-83 virus, respec- 
tively. We obtained the sequences of the 3'-termini by 
dideoxynucleotide primer extension sequencing of 
heat-denatured recombinant plasmids pTRD-20 and 
pTC-8 (Fig. 1). Our data confirmed the deletion of a U 
nucleotide in TC-83 virus at about genome position 
1 1 ,405 as reported by Ou et a/. ( 1 982). 

26S junction region 

Sequencing of the 26S junction region of the 42S 
RNA where the genes encoding the nonstructural poly- 
peptides end and those encoding the structural pro- 
teins begin on clones pTRD-26 and pTC-2, as well as 
RNA sequencing, showed that TRD and TC-83 nucleo- 
tide sequences in this region are identical. Thus, the 
single nucleotide difference between TRD and TC-83 
viruses in the 26S junction region that we reported ear- 
lier is in error. The base at genome nucleotide position 
7530 in both viruses is G. 

Translated region encoding VEE nonstructural 
proteins 

Two in-frame AUG codons at nucleotide positions 
12-14 and 45-47 occurred within the 5'-terminal 50 
nucleotides of the VEE genomic RNA (Fig. 2). An out- 
of-frame AUG codon was present at the 5 '-terminus in 
TRD genomic RNA, but not in TC-83 virus RNA due to 
the substitution of the A residue at nucleotide position 
3 (Fig. 2). The AUG at nucleotide position 45-47 oc- 
curred within the sequence CAAAAUGG, which is the 
consensus sequence CAXXAUGG (where X = any nu- 
cleotide) for initiation codons in eukaryotic mRNAs (Ko- 
zak t 1981), and was chosen as the initiator of the non- 
structural polyprotein precursor. Translation was ter- 
minated by an ochre (UAA) codon at positions 7524- 
7526. The deduced translated polyprotein was 2493 
amino acids long. The open reading frame of the.trans- 
lated region was interrupted by an opal (UGA) termina- 
tion codon at nucleotide positions 5682-5684. The nu- 
cleotide sequence of the region surrounding this opal 
codon was confirmed by dideoxy sequencing from 
RNA templates and by Maxam-Giibert sequencing of 
singie-stranded cDNA using radiolabeled primers 5'- 
GGGGCATACGAAATCTCCAATT-3' and 5'-GAATAC- 
GTCTAGCTGTTATGGC-3', which were complemen- 
tary to RNA nucleotide positions 5793-5815 and 



5922-5943, respectively. The in-frame opal codon 
was determined to be present in the genomes of TRD 
and TC-83 viruses, as well as in two other VEE subtype 
1AB virus strains, PTF-39 and 71-180. 

Deduced amino acid sequences of VEE 
nonstructural polypeptides 

Nucleotide sequence data obtained from the cDNA 
clones (Fig. 1) revealed that the genes encoding the 
nonstructural proteins of VEE TRD and TC-83 viruses 
differed at genome nucleotide positions 1873 (T in 
TRD, A in TC-83), 4698 (A, G), 4809 (T, A), 5877 (G, A), 
and 7306 (T, C). To determine if these cDNA differ- 
ences accurately represented nucleotide differences 
between TRD and TC-83 viral genomes, dideoxy- 
nucleotide sequencing of TRD and TC-83 42S RNA 
templates was performed with synthetic oligonucleo- 
tide primers. Nucleotide positions 1873, 4698, 5877, 
and 7306 were A, G, G, and U, respectively, in both 
viral RNAs. Thus, a T-A nucleotide difference at posi- 
tion 4809 encoding a Ser to Thr amino acid mutation 
was the only confirmed difference between the genes 
encoding the nonstructural poiyproteins of VEE TRD 
and TC-83 viruses (+ in Fig, 2). This mutation occurred 
at nsP3 amino acid position 260. The nucleotide and 
deduced amino acid sequences of VEE TRD in Fig. 2 
reflect the corrections obtained by primer extension se- 
quencing of RNA. 

The nonstructural polypeptides of TRD, SIN, and SF 
viruses 

The putative cleavage sites used to generate the 
nonstructural polypeptides from the polyprotein pre- 
cursor were identified by comparing the VEE virus 
amino acid sequence with the amino acid sequences 
reported for SIN (Strauss era/., 1 984) and SF (Takkinen, 
1 986) viruses. The amino acid sequences of the trans- 
lated nonstructural poiyproteins of TRD, SIN, and SF 
viruses are compared in Fig. 3. Deletions ( — ) were in- 
serted in order to optimize the alignment. Dots in the 
SIN and SF virus sequences indicate amino acid iden- 
tity with TRD virus. The amino acids surrounding the 
polyprotein cleavage sites were highly conserved 
among the three viruses. The nsP1, nsP2, nsP3, and 
nsP4 polypeptides of VEE TRD virus showed 60-66%, 
57-58%, 35-44%, and 73-7 1 % sequence identity, re- 
spectively, with the cognate proteins of SIN and SF vi- 
ruses. The nsP4 polypeptide was the most highly con- 
served of the four nonstructural proteins. When the nu- 
cleotide sequences of the translated regions of the 
three viruses were aligned, VEE sequences encoding 
nsPl, nsP2, nsP3, and nsP4 showed 60-63%, 57- 
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SQ% f 44-49%, and 65-63% identity, respectively, with 
cognate genes of SIN and SF viruses. 

The deduced molecular weights of the nsP1 , nsP2, 
and nsP4 polypeptides were approximately 60, 89, and 
68-69 kDa, respectively, for VEE, SIN, and SF viruses. 
The 52 kDa weight of SF nsP3 was more than 8 kDa 
less than those of TRD and SIN viruses. Excluding VEE 
nsP3 amino acid positions 330-550, the nonstructural 
polyprotein structure was highly conserved when com- 
pared with SIN and SF viruses (Fig. 3). For example, 
94% of 1 8 Trp, 73% of 73 Phe. 70% of 6 1 Cys, 70% of 
1 20 Gly, and 69% of 1 1 6 Pro residues were conserved 
in the aligned nsP sequences of SIN and SF viruses 
(Fig. 3). 

VEE nsP3 contains two peptide repeats 

The nsP3 polypeptide, which was the least con- 
served of the four nonstructural polypeptides, had 
some interesting features. Although the amino terminal 
half of the molecule is highly conserved among VEE, 
SIN, and SF viruses, the carboxyl terminal half of VEE 
nsP3 showed virtually no sequence identity with the 
same region of SIN and SF nsP3 polypeptides (Fig. 3). 
The carboxyl terminal portion of VEE nsP3 contained a 
short repeated peptide' segment (PXPAPRT, where X 
= variable position) and a long 34-residue peptide re- 
peat: TPSXXPSRXXSRTSLVSXPPGVNRVITREEXEAX 
(outlined and overfined amino acids in Figs. 2 and 3, 
respectively). These repeated peptide segments were 
identical in TRD and TC-83 cDNA clones and were con- 
firmed by sequencing from RNA templates. SF nsP3 
has a repeated peptide segment that is nearly identical 
to the first, short peptide repeat of VEE virus (Fig. 3) 
(Takkinen, 1986). Although the carboxyl portion of the 
nsP3 polypeptide of SF virus showed some identity to 
that of SIN virus, this region of SF nsP3 lacked 70 and 
73 amino acids relative to VEE and SIN viruses, respec- 
tively. The in-frame opal termination codon (asterisk in 
Figs. 2 and 3) located six amino acid residues up- 
stream from the carboxyl terminus of VEE nsP3 was 
aligned in Fig. 3 with the in-frame opal codon reported 
for SIN virus (Strauss eta/., 1983, 1984). 

Summary of VEE TC-83 mutations 

The nucleotide and deduced amino acid sequence 
differences between the genomes of VEE TRD and TC- 



83 viruses are summarized in Table 1 . TC-83 virus con- 
tained a single mutation in the 5'-noncoding region. 
The mutations in the E1 and E2 glycoproteins and the 
nucleotide deletion in the 3'-noncoding region of TC- 
83 virus have been reported previously (Johnson eta/., 
1986; Ou et a/., 1982). The TC-83 nucleotide muta- 
tions are indicated in Fig. 2 by a 4- symbol. Effects of 
mutations on the hydrophobicity profiles of the E1 and 
E2 glycoproteins were discussed by Johnson er a/. 
(1986). 

DISCUSSION 

Extensive sequence conservation throughout the 
nonstructural polyproteins of VEE TRD, SIN (Strauss er 
a/.. 1984), and SF (Takkinen, 1986) viruses highlights 
the hypervariabiiity of the carboxyl terminal portion of 
nsP3 (Fig. 3). The lack of sequence conservation and 
the shortened sequence of the nsP3 polypeptide of SF 
virus raise questions regarding the functional signifi- 
cance of this region in virus replication. It is hypothe- 
sized that the in-frame opal termination codon near the 
carboxyl terminus of nsP3 in SIN, Middelburg, and RR 
viruses (Strauss er a/., 1 983, 1 984, 1 988), and VEE vi- 
rus perform a regulatory function by limiting translation 
of the full-length nonstructural polyprotein precursor 
to nsP4. SF (Takkinen, 1986) and O'Nyong-nyong 
(Strauss er a/., 1 988) viruses, on the other hand, have 
no in-frame terminator in nsP3. The alphavirus nsP4 
polypeptide is the most conserved of the nonstructural 
proteins, and therefore must play a vital role in virus 
replication. Alphavirus polypeptide nsPt, nsP2, and 
nsP4 share three domains of sequence homology with 
the repiicases of three plant viruses, and the T2 poly- 
peptide of tobacco mosaic virus is also translated by 
read through of a termination codon (Strauss and 
Strauss, 1986). The infectious Sindbis virus cDNA 
clone (Rice er a/., 1987) may be used to analyze the 
functional roles of defined regions in individual alpha- 
virus proteins, such as the Gly-Asp-Asp amino acid 
triplet located at nsP4 amino acid positions 464-466, 
that may be a functional domain in the RNA polymerase 
of positive strand RNA viruses (Kamer and Argos, 
1984; Takkinen, 1986). 

The nucleotide sequence information in Fig. 2 con- 
tains two corrections to our earlier reports (Kinney er 



Fig. 2. Nucleotide sequence of the VEE TRD 42S genomic RNA and the deduced amino acid sequence of the encoded polypeptides. The 
single letter abbreviation is aligned with the first nucleotide of codon. Arrows indicate proteolytic cleavage sites of the translated polyproteins 
and the putative 26S mRNA stan site. The overlined amino acid sequences represent probable transmembrane domains of the E1 and E2 
envelope glycoproteins. Amino acid repeats in nsP3 are outlined. The in-frame opal termination codon near the carboxyl terminus of nsP3 (*) 
and the confirmed nucleotide mutations (+) in TC-83 virus are indicated. Potential glycosyiation sites in El, E2, and E3 are indicated by solid 
circles. 
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al 1 986; Johnson ef a/., 1 986). First, the 26S junction 
regions of TC-83 and TRD viruses are identical. Sec- 
ond the sequence information in a compressed area 
at the 3 '-terminus of the 6K gene was resolved 
more clearly by Maxam-Gilbert sequencing of single- 
stranded cDNA synthesized on RNA templates. The 
carboxyl terminus of the 6K polypeptide is Ala-Gly-Ala, 
not Ala-Pro-Ala as was reported earlier. 

Attenuation of a virulent virus may result from muta- 
tions in the virus structural proteins which affect viral 
morphogenesis, host cell tropisms, and interaction 
with the host immune system, or from mutations in 
nonstructural proteins or noncoding regions which 
affect virus replication. Comparison of the entire ge- 
nomes of TRD and TC-83 viruses reveals only 1 1 nucle- 
otide changes (0. 1 9h) in the 1 1 ,443-nucleotide genome 
of the attenuated TC-83 derivative. The total number 
and distribution of TC-83 mutations contrasts with the 
17D-204 yellow fever vaccine in which 68 nucleotide 
mutations relative to the virulent Asibi strain of yellow 
fever virus were distributed throughout the genome 
(Rice etai, 1 985; Hahn era/., 1987). The single nucleo- 
tide mutations in the 5'-' and 3'-noncoding regions of 
TC-83 virus confirm the results reported by Ou er a/. 
(1982a, 1983). Reversion to virulence of polio type 3 
vaccine virus has occurred via a single point mutation 
in the 5'-noncoding region of the genome (Evans ef a/., 
1985) Recent sequence analysis of the genomes of 
mouse-avirulent (RRV NB5092) and mouse-virulent 
(RRV T48) strains of RR virus detected 284 nucleotide 
differences between the two genomes, as well as dele- 
tions or insertions in the noncoding regions. Because 
12 and 36 substitutions occurred in the translated 
structural and nonstructural proteins (Faragher et aL, 
1988), respectively, and a large number of nucleotide 
differences occurred throughout the genomes of these 
two viruses, study of the molecular basis of virulence 
is complicated for this virus pair. 

Although the mutations in the noncoding regions of 
TC-83 virus and the single conservative Ser to Thr sub- 
stitution in the nonstructural polyprotein may contrib- 
ute to attenuation, the dearth of mutations in the 5'- 
two-thirds of the genome enhances the significance of 
the amino acid substitutions in the E1 and E2 envelope 
glycoproteins of this virus (Johnson ef a/., 1986). The 
nonconservative nature of the five amino acid substitu- 
tions in the E2 glycoprotein makes them promising as 



molecular determinants of virulence. However, rever- 
sion of a mutation affecting the isoelectric point of the 
E1 glycoprotein of a temperature-sensitive, avirulent 
mutant of VEE virus occurred concomitantly with rever- 
sion to virulence (Emini and Wiebe, 1 981 ). Lustig er a/. 
(1988) determined that specific loci in both E1 and E2 
proteins of SIN virus were important for neurovirulence 
in adult mice and that a gradient of virulence, depend- 
ing on the E1 and E2 loci involved, existed for neonatal 
mice. Analyses of recombinant polio type 1 viruses ob- 
tained from infectious cDNA clones demonstrated that 
loci involved in attenuation were distributed in several 
regions of the genome and that alterations in antigenic- 
ity correlated poorly with virulence changes (Omata ef 
a/., 1986). 

Although loss of epitopes involved in neutralization 
of virulent virus has been associated with attenuation 
(Dietzschiid etai, 1 983), this does not appear to be the 
operative mechanism in attenuation of the TRD virus. 
Of the 1 2 epitopes identified on the envelope glycopro- 
teins of VEE virus, only E2 a is TC-83-specific. This epi- 
tope is defined by a monoclonal antibody that does not 
inhibit hemagglutination or neutralize virus infectivity. 
Eleven epitopes, including those involved in virus neu- 
tralization, are conserved in both TRD and TC-83 vi- 
ruses (Roehrig ef a/., 1982; Roehrig and Mathews, 

1 985) . Monoclonal antibodies that define VEE epitopes 
close to the E2 C neutralization epitope are most effi- 
cient at blocking virus attachment in vitro (Roehrig ef 
a/., 1988). 

Sequence analyses of mutant SiN viruses that were 
selected for rapid penetration in vitro and were attenu- 
ated for neonatal mice demonstrated a Ser to Arg sub- 
stitution at E2 amino acid position 1 14 (Davis ef a/., 

1986) . The attenuated SIN mutant elicited monoclonal 
antibody that preferentially neutralized the mutant virus 
as opposed to the virulent parent, although the anti- 
body reacted similarly with both.attenuated and parent 
viruses in binding assays (Olmsted ef a/., 1986). Re- 
cently, Johnston and Smith (1988) obtained seven rapid 
penetration isolates of VEE TRD virus that were aviru- 
lent for adult mice. Two of these were also avirulent for 
hamsters. Thus, at least two glycoprotein domains that 
are involved in virus penetration in vitro define virulent 
and attenuated phenotypes and altered tissue tropism 
or virus-tissue interaction. 
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5I„ KERIDA LQLK S T LK E--OM 10 Wl 0 C. K F..TK..LY..F M . . . KVLF . NOQ . S . . . L. A NS3 2U0 
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S ,H It £ OHNPS K MY H..RSNNVKEV T HK . KN . . . V . . TKVV . . N . H T . . PV PA . . . I EVPEQPT AP . AQAE NS3 3U0 
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LCR 1 S HN.QCAQ.OAVGE.KM.P.K. . T.R.K. .LL.M.MM.SE. .K TVVO.LTS. 
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HSU 8 3 
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TABLE 1 

Nucleotide and Deduced Amino Acio Differences between 
VEE TRD AND TC-83 Viruses 



Amino acid 

Position Nucleotide change 



Nucleotide 


Amino acid 


TRD 


TC-83 


TRD TC-83 


3 


5'-noncoding 


G 


A 


Noncoding 


4.809 


nsP3-260 


U 


A 


Ser Thr 


8.584 


E2-7 


G 


U 


Lys Asn 


8.816 


E2-85 


C 


U 


His Tyr 


8.922 


E2-120 


C 


G 


Thr Arg 


9,138 


E2-192 


U 


A 


Val Asp 


9,397 


E2-278 


U 


C 


None 


9.450 


E2-296 


C 


U 


Thr lie 


10.478 


E1-161 


U 


A 


Leu lie 


10,630 


E1-21 1 


A 


U 


None 


1 1.405 


3'-noncoding 


uu 


U 


Noncoding 



Although we have defined a set of mutations that are 
associated with the attenuated phenotype of TC-83 vi- 
rus, the relative contribution of each of the mutations 
remains to be assessed. The most direct way to define 
the functional role of these changes lies in recombina- 
tion experiments utilizing infectious cDNA clones of 
VEE virus (work in progress). Sequence analysis of 
rapid penetration mutants and variants selected under 
the pressure of monoclonal antibodies should also 
prove invaluable in defining protein domains that may 
frequently be involved in alterations of virulent and at- 
tenuated phenotypes. 
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